Abstract. In this paper, we attempt to present a multilayer-structure biosensor. A graphene-based Surface Plasmon Resonance (SPR) biosensor is considered as a structure, which o ers enhancement of sensitivity in comparison with the conventional biosensors. The sensitivity improvement caused by the presence of graphene is discussed through monitoring of the biomolecular interactions and following that the Refractive Index (RI) changes. For this purpose, an RI change, which increases during the course of biomolecular interaction, is considered from 1.462 to 1.52. Our numerical results show that the proposed SPR biosensor with a graphene layer can provide a better sensitivity due to the eld distribution at the binding region. This paper investigates the Sensitivity Enhancement Factor (SEF) according to the S-parameters and the e ects of design parameters such as thicknesses of the gold and graphene layers and the refractive index change during the course of DNA hybridization in this biosensor.
Introduction
Surface Plasmon Resonance (SPR) is an optical method based on the excitation of collective free electrons oscillations at the metal-dielectric interface [1] . The SPR biosensors are supported by the Surface Plasmon Polaritron (SPP) waves in order to investigate and detect the biomolecular interactions. In this method, a certain incidence light angle (resonance angle) can be applied to obtain the required SPR condition [1] . Under this condition, momentum matching between the incident photon and the surface plasmon is attained and the Attenuated Total Re ection (ATR) occurs [1] . The resonance angle as a function of the refractive index of sensing medium can be measured as the biosensor response to the biomolecular interactions surrounding it. During the sensing operation, the adsorption of biomolecules to the receptor molecules will produce a local change in the refractive index at the metal-dielectric interface and enables us to detect these biomolecules by measuring the shift of resonance angle [2] .
In this paper, the sensitivity enhancement has been investigated by designing a multilayer structure in which a graphene layer has been applied. The proposed multilayer biosensor has been modelled and simulated using the Finite Element Method (FEM) and the Finite Di erence Frequency Domain (FDFD) method using CST MICROWAVE STUDIO [3] . The aim of this simulation is the investigation of sensitivity enhancement with the measurement of scattering parameters (S-parameters) with respect to the refractive index occurring during the biomolecular interactions and the thicknesses of gold and graphene layers. The incorporation of graphene layer in the conventional SPR biosensor can enhance the sensitivity. The lack of band gap in graphene turns it to a semi-metal di erent from other semiconductor materials. These unique properties of graphene can be used in future electronic and optoelectronic devices [4] . In this paper, di erent properties of graphene have been used in order to improve sensitivity of the proposed biosensor [4] .
One of the disadvantages of conventional SPR biosensors is the lower limit of detection and their sensitivity is faced with small ligands and low-concentration analytes [1] . To overcome this limitation, several approaches have been proposed. In this paper, in order to resolve this issue, a graphene-based biosensor has been introduced. The improved sensitivity due to the interpolation of a graphene layer into the conventional SPR biosensor comes from the increased adsorption of biomolecules [5] . Moreover, applying a graphene layer modi es the propagation constant of SPP, which will be followed by changing the sensitivity to the refractive index variation [5] .
Materials and method
The schematic of the proposed SPR biosensor is shown in Figure 1 . To excite the surface plasmon, the light is coupled through the int glass prism with a speci c incidence angle.
The base of the prism is covered by a thin gold lm with the thickness of 50 nm and a graphene layer on top of the gold layer with the thicknesses of 2 nm. Binding analytes (biotin-streptavidin; DNA hybridization reaction) are considered as a layer with an initial refractive index of 1.462 [6] in an aqueous medium of phosphate bu er solution, the refractive index of which is 1.33 [7] . In order to nd out the best coupling and produce the necessary resonance condition, a TM-polarized plane wave light with the xed wavelength of 632.8 nm and di erent incidence angles is coupled into the prism. The optical constants, " = (n; k), of glass prism and gold layer are set to (1.75, 0) and (0.178, 3.07), respectively, at = 632:8 nm [8] .
It has been shown that graphene has a broad and constant absorption range in the visible spectral region [4] . In this method, a model has been developed for the in-plane optical conductivity of graphene in the visible range. In order to calculate the permittivity, the transmittance, and the re ectance of graphene in the visible range, perturbation Hamiltonian is considered as [4] : H 0 (t) = "(t); "(t) = Re " x e i!tx ; (1) where is the electric dipole moment. By applying the suitable approximation and the simpli cation of equation, conductivity can be obtained as [4] :
where A is the cross-section area and x is the velocity operator along x-direction that can be related to the position operator x by the equation of motion. As we know, the rst Brillouin zone of graphene is a hexagon with a unit cell of two atoms. The conduction and valence bands touch each other at the corners of hexagon, which are called the Dirac points. For an intrinsic or lightly doped graphene, the Fermi energy level is around the Dirac points, where the charge carriers experience only a linear dispersion [9] . This linear dispersion is called the Dirac cone since it is described by the relativistic Dirac equation [9] . To calculate the optical properties of graphene in the visible range, one can consider only the Dirac cone if the photon frequency is low compared to the resonance frequency and the Fermi energy is near the Dirac points [4, 9] .
The direct result of the linear electronic dispersion of Dirac cone is the e ective massless fermions, such that the related energy dispersion can be written as [10] :
where~is the reduced Plank's constant, f is the Fermi velocity in graphene, andk is the wave vector. In order to obtain an analytical form of conductivity, we can apply the Dirac cone approximation wherein we assume that conductivity contributes only through the carriers to the Dirac cone. Thus, permittivity, ", and the optical conductivity of graphene, 0 , in the visible range are related by [4] :
where " 0 is the permittivity of vacuum and d is the thickness of graphene. Therefore, the refractive index of graphene in the visible range can obtained [4] :
where 0 is the vacuum wavelength.
Results and discussion
Our numerical model is based on the biomolecular interaction of DNA (DNA hybridization). As mentioned in the previous section, it is de ned as a layer with the refractive index of 1.462. The initial value of 1.462 corresponds to an ssDNA layer with a density of 0.028 g/cm 3 , obtained from the ellipsometry measurements. After the hybridization events, the dsDNA layer with a density of 0.061 g/cm 3 corresponding to the refractive index of 1.52 will be obtained [11] . The optical characteristics (e.g., S-parameters) of the biosensor are a ected by the biomolecular interactions between ssDNA and cDNA. Measuring the shift of S-parameters is the base of our investigation in this paper.
For achieving the coupling between the plasmon resonance and incident photons, the following condition must be maintained to excite the SPs on the metaldielectric interface [12] :
p "p sin res ; (6) where K sp and K ev are the wave vectors of the surface plasmon and the evanescent wave, respectively, c is the speed of light, " M and " D are the dielectric constants of metal and dielectric layer, respectively, and res is the resonance angle [12] . The S-parameters are complexvalued wavelength-dependent matrices expressing the device characteristics (e.g., the transmission and reection of electromagnetic energy) using the amount of absorption or transmission. For a two-port device, the S-parameters are de ned as [13] : S = S 11 S 12 S 21 S 22 ;
where the matrix elements S 11 , S 12 , S 21 , and S 22 are known as the scattering parameters or the Sparameters. In the meantime, S 11 and S 22 represent reection coe cients, whereas S 12 and S 21 are de ned as the transmission coe cients. In addition, we have [13] : 
The magnitude of S 11 (jS 11 j) gives the normalized re ectance. The normalized re ectance for this multilayer SPR is calculated using [1] :
where ' 11 contains the phase information of S 11 .
The total M-matrix of the whole structure can be expressed as the product of interface and layer matrices that describe the e ects of the individual interfaces and layers of the entire strati ed structure, taken in proper order, as:
with:
where t jk and r jk are the Fresnel complex transmission and re ection coe cients, respectively. Also, the layer matrix (phase matrix) describing the propagation through layer j is de ned as:
where " j and d j are the dielectric constant and the thickness of the jth layer, respectively. For the detection of biomolecules, variations of S-parameters along with their phase characteristics resulting from biomolecular interactions with the sensing surface are studied in this paper. Thus, in order to investigate the sensor performance, we have studied the change of S-parameters for detection and sensitivity enhancement. In our proposed design, the resonances before and after binding occur at the incidence angles of 47.052 and 47.506 degrees, respectively. As shown in Figure 2 , before the resonance with the angle of 45 degrees, the intensity plasmonic wave is re ected back whereas at the resonance condition with the angle of 47.506 degrees, the oscillation of plasmonic wave is maximum. It is clearly observed in this gure that the maximum sensitivity has been obtained as high as 3.82 at an optimal thickness of 60 nm. This is because the thicker gold layer leads to a resonance excitation of surface plasmons in a higher momentum.
The vertical eld along the z axis (E z ) for the gold layer thicknesses of 45, 60, 75, and 90 nm is shown in Figure 4 . According to this gure, as the gold layer thickness increases from 10 to 90 nm, the sensitivity increases at the initial stage with increase in grating thickness. However, when it exceeds 60 nm, the sensitivity begins to decrease (see [14] for more information). Figure 5 shows the changes of S-parameters versus the incidence angle for the proposed SPR biosensor. It is outlined that the maximum values of changes in Sparameters, jS 11 j, jS 12 j, jS 22 j, and jS 21 j, appear at their resonance angles and the greatest change is related to the S 11 parameter.
In Figure 6 , the phase plot of S 11 versus the incidence angle before and after the biomolecular interaction is shown. It is observed that there is a rapid transition in the phase of S 11 at the resonance angle of 47.052 degrees before binding. parameter. Figure 7 shows the investigation of jS 11 j parameter changes versus the incident angle for di erent thicknesses of graphene layer. As can be observed in this gure, with increase in the thickness of graphene layer, the magnitude of S 11 begins to decrease.
Conclusions
In this paper, we presented the design and analysis of a multilayer SPR biosensor using the FDFD method. The ssDNA was used as a receptor molecule, which was mobilized on the sensor surface to speci cally adsorb its complementary counterpart (cDNA) immersed in a phosphate bu er solution. With employing the Sparameters-based detection, it was demonstrated that the proposed structure would improve sensitivity and speed of detection.
